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We have studied the phase volume fraction related magnetoresistance (MR) across the first order martensite
transformation (MT) of Ni44Cu2Mn43In11 alloy. Within the metastability of MT, an isothermal application of
magnetic field converts the martensite into austenite. The field induced austenite phase fraction (fIA) at any
temperature depends on the availability and instability of martensite phase fraction (fM ) at that temperature.
This fIA is found to contribute most significantly to the observed giant MR while the contribution from pure
martensite and austenite phase fraction is negligible. It is found that the net MR follows a non linear
proportional relation with the fIA and the ascending and descending branch of fIA follows different power
law giving rise to hysteresis in MR. Here we present a detail explanation of the observed behaviours of MR
based on the existing phase fraction.
The change in electronic and magnetic structure near
the martensite transformation (MT) in Ni-Mn based non-
stoichiometric Heusler alloys lead to many interesting
magnetic and transport properties.1–6 The MT in these
alloys can be tuned by external parameters such as tem-
perature, pressure and magnetic field.2,3,7 The presence
of disorder in the parent phase makes the MT occur over
a range of these individual control parameter instead of
at a sharp value; this range is called the transition width
(TW). Thus, within the TW of MT both the austen-
ite and martensite phase coexist in a metastable state.
A giant magnetoresistance (GMR) is generally observed
across the MT just like in multilayer systems, though the
later has a different origin for its large MR.4,8,9 There-
fore, it is important to understand in detail the large
magneto-resistive behaviour of these alloys across the
MT as a function of applied field. To do so one needs
to have knowledge on the existing volume faction of dif-
ferent phases at each temperature within the MT region
when a field is applied or vice-versa. In this context it
is noteworthy that the resistivity measurement is more
convenient and reliable method over the magnetization
measurement10–12 because for weakly coupled magneto-
structural MT, magnetization does not show pronounce
anomaly across the MT.13 With this motivation, we have
focused on the resistivity behaviour of Ni44Cu2Mn43In11
alloy which shows MT from ferromagnetic austenite to
nearly paramagnetic martensite around a temperature
(T=) 270 K. We have carried out the calculation of phase
volume fraction for martensite (fM (T )), total austenite
(fA(T )) and induced austenite (fIA(T )) across the TW of
MT under different applied field. It is worth to be noted
that the fA(T ) is the sum of fIA(T ) and pure austenite
volume fraction (fPA(T )) and both the fIA and fPA has
same physical properties as fA. Now, it is fascinating to
observe that the MR for a given field change (∆H) at-
tained maximum only when the fIA becomes maximum
for the respective ∆H and the MR does not depend much
either on fM or fPA. We also found that the MR does
not hold a linear relation with the fIA and it’s variation
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FIG. 1. (a) The temperature dependency of ρ(T ) and M(T )
curve using ZFCC and ZFCW protocol (b) FCW ρ(T ) curves
at different applied field (c) pink dashed line is the linear
extrapolation of ρ curve at Tas and Taf .
is not the same for the ascending and descending branch
of fIA. It should be note it down that, our observation
is applicable to all martensite Heusler alloys. The prepa-
ration of polycrystalline Ni44Cu2Mn43In11 alloy and the
measurements of resistivity is same as our earlier report.9
The temperature dependent resistivity (ρ) data em-
ploying the zero field cooled cooling (ZFCC) and zero
field cooled warming (ZFCW) protocols and the thermo-
magnetization (M(T )) curves obtained using the ZFCW
protocol at a field (H=)100 Oe are shown in the fig.1(a).
In the ZFCC curve, resistivity of ferromagnetic austenite
phase start to decrease with the decrease of temperature
until the martensite start temperature (Tms). This ob-
servation reveals, the resistivity of austenite phase follows
2the metallic behaviour (i.e. ∂ρ
∂T
> 0) in this temperature
region. Below Tms, resistivity increases rapidly upto the
martensite finish temperature (Tmf) due to the appear-
ance of ferromagnetic-to-paramagnetic type martensite
transformation (MT). This increase in resistivity is partly
associated with the enhanced conduction electrons scat-
tering due to development of differently oriented marten-
site variants along with the other reasonable factors e.g.
presence of microcrack, modification of Brillouin zone
boundary during MT.8,14–16 But, below Tmf the resistiv-
ity remains nearly temperature independent. Now during
the warming cycle, the resistivity starts to drop at the
austenite start temperature (Tas) and continues to drop
upto the austenite finish temperature (Taf ) after which
it follows the same temperature dependence as its ZFCC
cycle. The thermal hysteresis observed around the MT
region is a manifestation of disorder induced (metastabil-
ity) first order nature of MT. Being a disorder influenced
first order phase transition, the region of thermal hys-
teresis is highly metastable and both the austenite and
martensite phase can coexist there. Since, our motivation
is to relate the existing phase fraction with the magne-
toresistance (∆ρ/ρ0) across the MT, we have measured
the ρ(T ) at different applied field using the field cooled
warming (FCW) protocol where system is cooled under
constant field and ρ is measured during the warming cy-
cle at the same field (fig.1(b)). The reverse martensite
temperature (TRM ) is calculated by drawing vertical line
which divide the TW into two equal parts. It is evi-
dent that with the application of field TRM is shifted
towards lower temperatures. This effect is the manifes-
tation of the fact that when a magnetic field is applied in
the martensite phase at a temperature close to Tas, the
martensite structure transform to austenite at that tem-
perature. Thus, an application of field around or across
the MT has a significant role in altering the phase vol-
ume fractions in isothermal condition. A shift (∆TRM )
of about 16 K is observed for application of field of 50
kOe and this high ∆TRM is a prerequisite condition to
achieve a large MR across the MT and we would also like
to address this issue in this article.
The net ρ at any temperature within the phase coexist-
ing region can always be written as the sum of fM (T )ρM
and fA(T )ρA i.e. ρ(T )=fM(T )ρM+fA(T )ρA, where ρM
and ρA are the resistivity of martensite and austenite
phase. Since we also know that fM + fA = 1 thus equa-
tion of ρ(T ) can be written in terms of fM (T ) as:
fM (T ) =
ρ(T )− ρA(T )
ρM (T )− ρA(T )
(1)
The ρA(T ) and ρM (T ) is determined from just above Taf
and below (few Kelvin) Tas, respectively, where the pure
austenite and martensite state exists. It should be noted
that we are considering the warming curve of ρ(T,H) to
avoid the influence of thermal hysteresis. The normal-
ized fM (T ) curve plotted as green solid line is shown in
fig.1(c). The shape of the fM (T ) curve follows the ex-
perimental ρ(T ) curve in the phase transition region very
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FIG. 2. The temperature variation of fM and fIA for dif-
ferent applied field and black (thick) and violet (thin) dash
line represents schematic fIA curve for ∆H= 10 and 70 kOe,
respectively and inset shows the interpolated fIA curves for
∆H=30 and 50 kOe.
well but it attained a maximum just below Tas as the ρM
value used here is determined at few Kelvin below of Tas.
To relate the observed magneto-resistive behaviour
with the existing different phases fraction in the transi-
tion region one need to quantify the fIA at any tempera-
ture under a given applied field apart from the martensite
and austenite phase fraction. It is easy for one to quan-
tify the fM and fA (=fIA+fPA) at any certain tem-
perature on application of different field by measuring
the ρ(T,H) curves and transforming them to fM (T,H)
curves as shown in fig.2. Since, we are curious to gain
a thorough insight into the fIA behaviour on isothermal
application of magnetic field, we have used the following
formula:
fIA(T,∆H) = fM (T, 0)− fM (T,H) (2)
where fIA represent the isothermally induced austenite
phase fraction for a given field change ∆H . Fig.2 shows
experimental curves of fIA for ∆H= 30 and 50 kOe. It
can be seen that both the curves attain maximum at their
respective Taf on the fM (T,H) curve and thereafter fIA
follows the same path as fM (T, 0) curve. Before we get
into the detail behaviour of fIA(T,∆H) it is convenient
to split the whole temperature region of measurement
into three parts: (i) T < Tas (ii) Tas < T < Taf (iii)
T > Taf . It is well known from the plot of Landau free
energy expression for the first order transition that the
martensite and austenite phase is stable in the region
(i) and (iii), respectively and in the region (ii) both the
phases become metastable and coexists together.17 When
the system is deep inside the region (i) (say T=240 K)
the stability of martensite phase is high, thus the appli-
cation of field cannot convert martensite into austenite
and fIA become zero. On the other hand as the tem-
3perature increases martensite looses its stability and the
application of the same field can now convert some frac-
tion of martensite into austenite and hence fIA starts
to increase. When the system just enters into the re-
gion (ii), a temperature point say X (T=262 K) on the
fM (T, 0) curve has 95% martensite phase (fM=95%) and
remaining 5% is metastable austenite phase (follow the
horizontal green dash line towards the fM axis). Since,
the instability of martensite in this region is more than
the instability it has in the region (i) thus an application
of same field converts 52% of martensite into austenite
(fIA=52 %, follow the horizontal green dash line towards
the fIA axis) with remaining fM=43% unchanged and
fIA starts to increase rapidly with the progress of tem-
perature. Though the point Y (T=264 K) inside the
region (ii) contained less volume fraction of martensite
[(fM )Y < (fM )X ] but due to the increased instability of
martensite phase, the same field produces 77% austen-
ite (fIA=77%) from available 88% martensite with re-
maining fM = 11% unchanged. Interestingly all the
metastable martensite is converted to the austenite and
fIA reaches maximum (82%) at the point Z (T=265 K).
Though the martensite instability increases with temper-
ature but due to rapid decrease in available fM leads to
rapid drop in fIA. The fIA becomes zero above the Taf
of fM (T, 0) curve as the region beyond the Taf belongs
to the pure austenite phase thus no martensite phase is
available (fM=0) which is to be converted into austen-
ite. The same is true for the fIA curve at ∆H=50 kOe.
It is interesting that the both fIA curves exactly follow
fM (T, 0) curve during their decrease and this observa-
tion is easy to understand from eq.2. One can find that
the contribution of fM (T,H) term in eq.2 becomes zero
just beyond the temperature where fIA reaches its max-
imum (see the fM curve for respective field) i.e. when
fM (T,H) = 0, fIA=fM (T, 0). Since, we have observed
a nearly 100% induction of austenite phase by the appli-
cation of H=50 kOe it is thus expected that application
of further field will find little influence on the fIA. A
schematic expected curve for ∆H= 10 and 70 kOe is
shown by the black (thick) and violet (thin) dash line,
respectively.
The main panel of fig.3 (a) shows the temperature
variation of magnetoresistance (MR, ∆ρ/ρ0) for differ-
ent applied field. The MR is calculated using the formula
∆ρ/ρ0 = (ρ(T,H)−ρ(T, 0))/ρ(T, 0)). It is evident that a
large MR is only observed around the phase transforma-
tion region and becomes maximum at temperatures 265K
and 259K for ∆H=30 and 50 kOe, respectively. Now, in-
voking our previous arguments i.e the large ∆TRM under
an applied field is an essential criteria to obtain a large
MR across the transition region can be understood by
expressing the MR in terms of change in resistivity with
temperatures ( dρ
dT
) across the phase transition and the
field induced shift of transformation temperature ( dT
dH
)
due to the metastability related to the first order MT.
Taking into account the above mentioned fact one can
approximate the MR as MR ∝ ( dρ
dH
) = ( dρ
dT
)( dT
dH
). Thus,
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FIG. 3. (a) Temperature variation of MR for ∆H= 30, 50
kOe and inset shows the variation of MR for a given ∆H
with the fIA calculated at that ∆H (b) The variation of MR
with the fIA, fM and fA for ∆H= 30 kOe and the solid curve
is obtain after fitting the MR using eq.3.
to observe a huge MR, both the factors have to be large.
Since, the phase transformation in this type of alloy is
always associated with large dρ
dT
due to development of
martensite variants which acts as a scattering centre for
conduction electrons and a large ∆TRM is also observed
under the applied field. Thus, the large value of both
the factors are mutually producing a giant MR as large
as 49% and 54% for the ∆H= 30 and 50 kOe, respec-
tively. The variation of MR with the fIA for different
∆H (30 and 50 kOe) is shown in the inset of fig.3(a). It
can be seen that, with the increase of fIA and tempera-
ture (follow the arrow’s direction), MR starts to increase
and become maximum when the fIA attain its maximum.
Further increase of temperature leads to the reduction of
fIA and MR decreases. It is evident that the MR for the
ascending and descending branch of fIA follows different
paths producing a hysteresis in MR. This irreversibil-
ity in MR for the ascending and descending branches
of fIA can be understood by recalling the fig.2, i.e. in
that figure one can find that for the ascending branch
of fIA the total phase fraction consists of the large frac-
tion of martensite, induced austenite and little fraction
of pure austenite while on the descending branch of fIA
total phase fraction is the sum of large fraction of pure
austenite, induced austenite and little amount of marten-
site, thus it is expected that resistivity and hence the MR
would be different for two different branch of fIA due to
4TABLE I. The parameters obtained from the fitting of MR
vs fIA curve using eq.3.
∆H(kOe) α n
30 (ascending) 54±0.9 1.36±0.4
30 (descending) 58±1.2 0.74±0.3
50 (ascending) 48±0.9 1.24±0.06
50 (descending) 58±0.7 0.6±0.04
presence of different amount of phases fraction. But, the
fact which is more interesting is that MR does not hold
a linear relationship with the fIA instead it seems to fol-
low a certain power law. To know the MR dependence on
fIA we have fitted the ascending and descending branch
of fIA with MR using the formula
∆ρ
ρ0
= −αfnIA (3)
where α defines the strength of MR. The obtained value
of α and n for the ascending (superlinear) and descending
(sublinear) branch of fIA are listed in the table I. It is
found that the value of n for the ascending and descend-
ing branch of fIA at ∆H=30 kOe is little higher than
its value obtained for ∆H=50 kOe. The fig.3(b) shows
the variation of net MR with the fIA, fM and fA for
∆H=30 kOe. It can be seen that as the temperature is
increasing (increasing direction of temperature is shown
by the arrow), fM starts to decrease while fA increases
due the increase of fIA and the MR start to increase
and attain maximum when the fIA become maximum.
Thereafter with the further increase of temperature, MR
start to decrease though the fA increase (fM decreases).
It is noteworthy that the decrease of MR started at where
the fIA start to decrease though the fA continue to in-
creases due to the increased contribution from another
temperature dependent factor fPA. Thus, combining this
with our previous observation, we argue that the fIA is
the most important factor which needs to be considered
while discussing the giant MR across the MT for this
type of alloys because the resistivity of pure martensite
or austenite phase does not change significantly. This
mechanism can also be observed GMR in magnetic oxide
such as doped manganates where field induced magnetic
transition is observed with structural transformation.18
In conclusion, we have presented a detail estimation of
various phase fraction at any given temperature and field,
in particular the martensitic phase transition region, to-
gether with a detail analysis of the corresponding MR
data. Our results, reveals that the fIA has major contri-
bution for giant MR than the other factors though the
fIA at any particular temperature depends on the avail-
ability and instability of fM at that temperature. The
MR varies proportionally with the fIA but the relation is
not linear. The ascending and descending branch of fIA
does not follow the same power law, thus giving rise to
hysteresis in MR. One of the authors MKR like to thank
material science division of VECC, Kolkata for XRD fa-
cility and UGC for financial assistance.
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